Abstract: A long-period grating (LPG) based compact optical fiber sensor working in reflection mode is demonstrated. A technique to make a mirror on the cladding region of a fiber end-face to reflect only the cladding modes was realized by growing a polymeric microtip on the core region of the fiber end-face, by photopolymerization, followed by coating the fiber end-face with an aluminum film. Using the cladding-mode-selective fiber end-face mirror, the transmission spectrum of the LPG was "inverted" and reflected. Preliminary results of using the sensor to measure the refractive index of glycerol/water solutions were successfully demonstrated.
Introduction
Optical fiber sensors have become one of the most important sensors because of their many advantages e.g. compactness, electromagnetic interference immunity, high sensitivity, passive operation, and multiplexing capabilities [1, 2] . Fiber Bragg gratings (FBGs) and long-period fiber gratings (LPGs), in particular, have attracted much attention because they have selfreferencing capabilities and flexible sensing schemes for the measurement of numerous physical parameters, e.g. strain, temperature, or external refractive index (RI) . Fiber grating sensors have not only been widely extolled in research literature, but also achieved great success in real commercial industries.
Since the discovery of fiber gratings, the use of FBGs and LPGs for external RI sensing was proposed and demonstrated because of their potential applications as miniature biochemical sensors [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . The detection of a specific antibody or antigen was demonstrated after immobilization of biological molecules or antibody on the surface of fiber grating [8] [9] [10] [11] [12] . An FBG needs some special post-processes for sensing of external RI [13] [14] [15] , and has practical implementation limitations, including the reduction on the sensor's mechanical strength. Tilted FBG was also utilized to measure RI sensing but its measurement resolution is only around 10 −4 [16] . On the other hand, the measurement resolution of an LPG-type RI sensor is around 10 −5 ~10 −6 [17] . The reason that the RI measurement resolution of LPG is better than that of FBG is mainly because the resonant wavelength of an LPG depends on the difference of the effective indexes between the core mode and cladding modes, whereas the resonant wavelength of an FBG depends on the sum of the effective indexes of the two coupling modes.
Various designs of LPG sensors were proposed for RI measurement. For example, in-fiber Michelson interferometer based on a long-period grating was proposed for RI sensing [18] . The sensitivity of the sensor can be enhanced for bio-sensing applications, by decreasing its cladding thickness [19] . The improvement of RI sensor sensitivity was also demonstrated by applying sol-gel coating on an LPG [20] or introducing an LPG-based Mach-Zehnder interferometer with a taper in between [21] , etc. In the case that the thermal effect has to be eliminated, one can utilize an FBG and LPG hybrid sensor configuration [22] , sandwiched long-period grating structure [23] , or LPG made in boron-codoped germanosilicate fiber with specific concentration [24] . One of the limitations of LPG sensors that has not been adequately addressed is the transmission-mode operation of LPG, which is not desirable for many practical sensing applications. Although the LPG-based Michelson interferometer works in reflection, its interferometer nature makes the total length of the sensor, including the LPG and interferometer cavity, to be at least 4 ~5 cm [18, 19, 25] , which might be too long for in vivo measurements. In this paper, we demonstrate a reflective LPG (RLPG) sensor based on a cladding-mode-selective fiber end-face mirror, as shown in Fig. 1 , to overcome this limitation. In the proposed device, light coupled to cladding modes is reflected by the mirror and finally recoupled back to fiber core, whereas the light passing through the LPG will exit from the fiber core and lost. Basically, the proposed device is an LPG with "double" couplings, and the length of sensor is the same of conventional LPG sensor, which is normally 0.5 ~3 cm long which depends on the fiber parameters and the grating writing condition. The fabrication of such a RLPG sensor and preliminary results in using the sensor to measure external RI will be described.
Sensor fabrication
The procedure we proposed for the fabrication of the designed sensor is shown in Fig. 2 . It mainly consists of four steps: 1) fabricate an LPG in an optical fiber; 2) make a polymeric microtip on the core of the fiber end-face through free-radical photopolymerization; 3) coat the fiber end-face with aluminum by sputter deposition; 4) break the microtip to form an escape channel for the core mode.
The setup used in our fabrication of LPGs is based on a point-by-point grating writing technique, which is a well-established method for the fabrication of complex LPGs [26] . The laser is a 248-nm excimer laser (TuiLaser Ltd., Germany). The grating fabrication is automated by a home-made software, which can simultaneously monitor the excimer laser and control the translation stages to make a grating with arbitrarily specified period, length and index modulation [26] .
The fabrication of a microtip in the second step is critical since the microtip functions as a sacrificial mould to realize the cladding-mode-selective mirror. The microtip can be quickly fabricated by using a free-radical polymerization method [27, 28] . The photopolymer formulation used in our experiment follows that reported by Backelot and associates [27] . It includes the multifunctional acrylate monomer: pentaerythrital triacrylate (Sigma-Aldrich Co., USA), amine cosynergist: methyldiethanolamine (Jinlong Ltd., China), and sensitizer dye: eosin Y (Sigma-Aldrich Co., USA). Eosin Y absorbs light and reacts with methyldiethanolamine to create radicals. The produced radicals initiate the polymerization of pentaerythrital triacrylate. Their concentrations in weight percentages are 91.5%, 8%, and 0.5%, respectively. In the experiment, the freshly cleaved fiber end was cleaned by methanol and gently dried under nitrogen. A drop of the mixed formulation is directly deposited on the fiber end for photopolymerization. Light from a green LED with wavelength of 532 nm was coupled to the other end of the fiber to expose the photopolymer for polymerization. After exposure, the fiber end was cleaned again with methanol to remove the formulation. Figure 3 shows the microscope photos of three microtips fabricated with different exposure doses. The base diameters of the fabricated microtips shown in Figs. 3(a), (b), and (c) are 13.3 µm, 14.3 µm, and 20.9 µm, respectively. The power of the LED was increased from 20 to 30 µW, and the exposure time was 45 seconds. The effect of laser power on the size and shape of the microtips can be explained by the polymerization threshold at the air-formulation interface [27, 28] . It is worthwhile to note that special care has been taken when making the microtip after the fabrication of the LPG. The induced index modulation of LPG will scatter the green light from the fiber core to the cladding. Part of the light scattered to the cladding will reflect back from the air/cladding interface and propagates around the fiber in the form of cladding modes or radiation modes. Obviously, those light will become the "noise" source for the photopolymerization. Figure 4 shows microtips formed on the end-face of bare fibers under different conditions. Typical microtips fabricated in the fiber without LPG and with LPG are shown in Fig. 4a and Fig. 4b , respectively. One can see that some residual polymerized material appears around the base of microtip. Since there are many cladding modes and the fiber itself is multimoded at 532 nm, the "noise" light resulting from both resonant and non-resonant scatterings cannot be suppressed by simply changing the period of LPG to shift the resonant wavelength. In order to eliminate such a residual base, we used some index matching gel to wrap around the LPG before the fiber end is deposited with the photopolymer for the fabrication of microtip. Therefore, the "noise" light scattered by the grating will dissipate in the index matching gel. After such a treatment, one can again make a regular microtip defined by the core mode of the fiber, as shown in Fig. 4 .c. After the fabrication of a microtip on the end of fiber with an LPG, the fiber end-face was coated with aluminum by using a magnetron sputtering system (SP-3, IME of CAS). In order to protect the side of the fiber from the sputtering, a polytetrafluoroethylene (PTFE) tube with inner diameter of 300 µm is used to enclose the fiber before the sputtering treatment. Aluminum is selected in the experiment because of its relatively good adhesion with silica. The sputtering treatment takes around 11 minutes and the coated aluminum film thickness is estimated to be ~700 nm.
The coated microtip was broken, as shown in Fig. 2 , to form a microhole in the center of the mirror formed on the fiber end-face. Consequently, only light propagating in the cladding will be reflected back by the fiber end-face mirror. In the experiment, we utilized a freshly cleaved fibre to strike off the microtip under the observation of a CCD camera. It was found that the Al-coated microtip is mechanically quite strong although it has a diameter of just ~14 µm.
Spectral response of the sensor
The LPG used in our experiment was fabricated in a commercial boron co-doped photosensitive fiber (Fibercore Ltd. UK). The grating period was chosen to be 423 µm to excite the ninth order cladding mode at the wavelength of ~1550 nm. The gray curve in Fig. 5 shows the transmission spectrum of a fabricated LPG with length of ~2.6 cm, which was measured by directly connecting the LPG between a broadband amplified spontaneous emission (ASE) light source and an optical spectrum analyzer (OSA). One can see its coupling strength is around −16 dB at the transmission dip, which means that 97.5% of light is coupled from the core mode to the cladding mode at that wavelength. Then a cladding-modeselective fiber end-face mirror close to the LPG was made using the procedure described above. The black curve in Fig. 5 shows the reflection spectrum of the fabricated RLPG, which was measured by an OSA after connecting an optical circulator between the ASE light source and the RLPG. A reflection peak with extinction ratio of ~10 dB was measured at the same resonant wavelength of the LPG. Therefore, we have fabricated a special LPG device based on co-directional coupling mechanism, but working in reflection mode. The fabricated RLPG sensor was tested in liquids with different RIs. The liquid was prepared by using glycerol mixed with de-ironed water with different mixture ratios. The experiment was carried out at constant room temperature (~23°C). Figure 6 shows the measured reflection spectra (left diagram) and wavelength shifts of the reflection peak (right diagram) of the sensor when the external RI changes from 1.333 to 1.428. The glycerol solutions with different volume concentrations of glycerol from 0 -70% in increments of 10% were prepared, and their corresponding RIs are 1.33333, 1.34481, 1.35749, 1.3707, 1.38413, 1.39809, 1.41299, and 1.42789.
The reflection spectrum of the RLPG shifts to shorter wavelength and the side lobes of the reflection spectrum grow with external RI when the RLPG was immersed into the solutions. It is because the cladding mode expands into the liquid when the RLPG was immersed in the solutions. Both the coupling strength of the LPG and the reflectivity of the fiber end-face mirror decrease due to the reduction of the effective reacting mode area, resulting in a weakening of the main reflection peak and increase the side lobes. The reflection peak shifted 9.41 nm when the external RI was changed around 0.1 R.I.U, which is much more sensitive than normal FBG-type RI sensors. Numerical simulation of the spectral response of the LPG based on the three-layer fiber model and the coupled mode theory [29] confirms that the RLPG behaves as a conventional LPG sensor as expected, even though the light goes through the grating twice. 
Discussion and conclusion
We have proposed a new design of LPG sensor working in reflection mode and demonstrated a fabrication technique based on photopolymerization and sputtering coating to form a mirror on the cladding region of a fiber end-face. The transmission spectrum of the LPG is "inverted" to work in reflection mode, which offers a useful approach to make a practical infiber device based on cladding modes.
Elimination of core mode reflection was confirmed by experiment. However, reflection of the cladding modes was not very high in our preliminary experiments. Reflectivities of the fabricated RLPG sensors varied from around 8% to 11%, which depends on the fabrication process. Since the coupling between the core mode and cladding mode is quite high, as shown in the transmission spectrum of the LPG, the low reflectivity of the whole device might be caused by: 1) the relatively small amount of power of the cladding mode is reflected by the end-face cladding mirror because a large amount of the power of the ninth cladding mode locates in the fiber core. In order to reflect more light, one may have to reflect some of the core mode, or choose the lower order cladding mode; 2) the slightly larger base area of the microtip. It can be solved by optimizing the size of microtip through the control of laser power and the depression of higher-order modes (for green light) by a mode stripper; 3) fiber end-face not perfectly right-angled, and some defects might be formed on the fiber end-face during the fiber cleaving process. The issue can be solved by polishing the fiber end-face by using a commercial fiber end-face polishing machine. Although the reflectivities of the fabricated RLPGs are not very high, they were successfully used to measure the RI of glycerol/water solutions.
The main difference between the proposed RLPG and an LPG-based Michelson interferometer [18, 19] is that the reflection of the core mode in the RLPG is avoided. Since the RLPG is basically an LPG with "double" couplings, it does not need an interferometer cavity and therefore allows a shorter sensor to be realized. Even smaller RLPG sensor can be made if shorter period or higher index-modulation LPG were used in the sensor fabrication. Furthermore, the sensor only needs single-end connection because it works in reflection mode and exhibits a clean reflection spectrum, permitting ease of demodulation. In addition to sensing, the technique proposed here can be utilized to measure cladding mode coupling and group delay which are necessary for LPG reconstruction using inverse scattering method. After preparing the fiber with such a cladding mode reflector before writing the LPGs, one can get physical insight of the photosensitivity mechanisms of LPG grow during the fabrication process.
